Introduction {#sec1}
============

Cofactor regeneration is vital for the operation of biocatalytic processes taking place either within a living cell or in a cell-free system.^[@ref1]^ A considerable amount of research has therefore been invested in developing and optimizing enzymatic systems for the *in situ* regeneration of key cofactors such as ATP, NADH, and NADPH.^[@ref2],[@ref3]^ Formate has been long considered as a suitable reducing agent for the regeneration of NADH both *in vivo* and *in vitro*.^[@ref2],[@ref4]^ This is due to several properties: (i) there is an abundance of formate dehydrogenases (FDHs) that can efficiently transfer reducing power from formate to NAD^+^,^[@ref5]^ (ii) formate oxidation is practically irreversible, increasing the efficiency of NADH regeneration, (iii) formate, a small molecule, can easily cross membranes, thus being accessible within cellular compartments, and (iv) the byproduct of formate oxidation, CO~2~, is nontoxic and can be easily expelled from the system.

Many biocatalytic processes rely on NADPH rather than NADH.^[@ref6],[@ref7]^ Therefore, in the last 20 years multiple studies have aimed at identifying FDHs that can naturally accept NADP^+^ or engineering NAD-dependent FDHs to accept the phosphorylated cofactor.^[@ref8]−[@ref16]^ While some of these studies were quite successful, the kinetic efficiencies observed with NADP^+^ were relatively low, *k*~cat~/*K*~M~ ≤ 30 s^--1^ mM^--1^, and the specificities toward this cofactor were also not high, (*k*~cat~/*K*~M~)^NADP^/(*k*~cat~/*K*~M~)^NAD^ ≤ 40. In cell-free systems, the low enzyme efficiency results in the need to add a high amount of FDH to support a sufficient rate of NADPH regeneration, thus increasing the cost of enzyme biosynthesis. *In vivo*, the rather low specificity of the NADP-dependent FDHs could prevent efficient NADPH regeneration: as the cellular concentration of NAD^+^ is about 100-fold higher than that of NADP^+^,^[@ref17]^ the reduction of NADP^+^ is expected to proceed efficiently only if (*k*~cat~/*K*~M~)^NADP^/(*k*~cat~/*K*~M~)^NAD^ approaches or surpasses 100. The affinity toward formate is also an important factor, especially for cellular systems, as formate becomes toxic at high concentrations.^[@ref18],[@ref19]^ Unfortunately, in previous studies, the affinities toward formate were quite low, with apparent *K*~M~ values between 50 and 200 mM.

In this study, we aimed to harness the power of natural selection to test a large library of FDH variants and identify those which can support efficient *in vivo* regeneration of NADPH. By performing a structural analysis of the cofactor binding site, we identified multiple residues that are expected to affect enzyme activity and cofactor specificity. We systematically mutated these residues to generate a library of \>10^6^ variants. Screening such a large number of variants would be highly challenging. Instead, we introduced the enzyme library into an *E. coli* strain which was constructed to be auxotrophic for NADPH.^[@ref20]^ By selecting for growth with formate as the NADPH source, we were able to isolate several enzyme variants that support NADPH production at a high rate and specificity, reaching a (*k*~cat~/*K*~M~)^NADP^ value of 140 s^--1^ mM^--1^ (almost 5-fold higher than that of the best variant reported previously^[@ref11]^) and a (*k*~cat~/K~M~)^NADP^/(*k*~cat~/K~M~)^NAD^ value of 510 (more than 14-fold higher than that of the best variant reported previously^[@ref16]^). We found that each of these enzyme variants harbor multiple mutations in the cofactor binding pocket. We analyzed the contribution of each mutation using Molecular Dynamics (MD) simulations and steady-state kinetics to determine how nonadditive epistatic effects improve multiple parameters simultaneously. Overall, our work demonstrates the capacity of *in vivo* selection to identify proficient enzyme variants carrying multiple mutations which would be very difficult to find using conventional screening methods.

Results {#sec2}
=======

Active Site Structure and Dynamics of FDH from *Pseudomonas* sp. 101 {#sec2.1}
--------------------------------------------------------------------

FDH from *Pseudomonas* sp. 101 (PseFDH) is composed of 400 amino acids and functions as a homodimer in which each subunit has its own active site for binding formate and the cofactor. The C-terminus loop (S382-A393) is close to the active site and may be important for formate and cofactor binding. However, in the available crystal structures of dimeric PseFDH, with or without the NAD^+^ cofactor and the formate substrate bound, the C-terminus loop is not completely solved,^[@ref21]^ suggesting high mobility of this region. We therefore built a computational model based on existing PDB structures (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf) and computational details in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)) to inspect the interactions of specific amino acids with the substrate and the cofactor. The catalytic residues involved in hydride transfer are R284 and H332, while I122 and N146 are important for formate binding ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref22],[@ref23]^ The active site residues that interact with the NAD^+^ cofactor bind to the adenosine ribose (D221, H258, E260), phosphodiester (S147, R201, I202, S380), and nicotinamide (T282, D308, S334, G335) groups via hydrogen bonds.

![Active site of a PseFDH monomer. Catalytic residues involved in hydride transfer (green) and formate binding (blue) as well as those interacting with cofactor moieties of adenosine ribose (brown), phosphodiester (black), and nicotinamide (violet) are highlighted. Carbon (yellow), nitrogen (blue), and oxygen (red) atoms of the cofactor are shown in stick format. The picture was created using PyMol and PDB file 2NAD.^[@ref21]^](cs0c01487_0001){#fig1}

To understand the molecular basis of the specificity of WT PseFDH toward NAD^+^, we performed MD simulations comparing the conformational dynamics of PseFDH in the presence of either NAD^+^ or NADP^+^ bound to the active site ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These simulations highlighted the instability of the PseFDH-NADP^+^ complex. Specifically, the 2′-phosphate group of NADP^+^ causes a rearrangement of the active site residues, mainly due to the repulsion between the negatively charged carboxylate group of D221 and the 2′-phosphate group (distances explored ca. 4.7 ± 1.0 Å; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). In contrast, in PseFDH-NAD^+^, D221 is strongly interacting with the 2′-hydroxyl of NAD^+^ (2.5 ± 1.2 Å; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). To enable NADP^+^ binding to the active site and accommodate the additional negatively charged phosphate, mutagenesis of residue D221 to a neutral or positively charged amino acid seems to be necessary.^[@ref12]^

![PseFDH WT NAD^+^/NADP^+^ conformational dynamics. (a) Representative structures of a PseFDH wild-type (WT) active site in the presence of NAD^+^ (gray, left) or NADP^+^ (cyan, right) and formate extracted from MD simulations (most populated clusters). The presence of the 2′- phosphate group of NADP^+^ causes a rearrangement of binding pocket residues. In WT-NAD^+^, the hydrogen bond interaction between D221 and the hydrogen of the 2′-OH group of NAD^+^ is highlighted in green. In WT-NADP^+^, the repulsive interaction between D221 and the 2′-phosphate group of NADP^+^ is shown in red and the salt-bridge interaction between R222 and the 2′-phosphate group of NADP^+^ in green. Relevant average distances (in Å) obtained from MD simulations are also depicted. (b) Plot of the distance between the carbon of the carboxylate group of D221 and either the 2′-OH group of NAD^+^ (orange) or the 2′-phosphate group of NADP^+^ (blue) along representative 500 ns replicas of MD simulations. Average distances (dashed orange line for WT-NAD^+^ and dashed blue line for WT-NADP^+^) of 2.5 ± 1.2 and 4.7 ± 1.0 Å are also shown, respectively. (c) Plot of the distance between the carbon of the guanidinium group of R222 and either the oxygen of the 2′-OH group of NAD^+^ (orange) or the 2′-phosphate group of NADP^+^ (blue) along representative 500 ns replicas of MD simulations. Average distances (dashed orange line for WT-NAD^+^ and dashed blue line for WT-NADP^+^) of 6.2 ± 1.9 and 4.3 ± 0.4 Å are also included, respectively. All distances are represented in Å. The trajectories of the three independent replicates are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf).](cs0c01487_0002){#fig2}

The neighboring R222 residue is rather flexible and alternates between two main conformations in apo state MD simulations ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). On the basis of the PseFDH-NAD^+^ X-ray structure, it was proposed that the main function of R222 is to maintain the optimal conformation of the active site rather than directly participate in the binding of NAD^+^.^[@ref9]^ Our MD simulations on PseFDH-NAD^+^ are in line with these observations, as no direct interactions between R222 and NAD^+^ are observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,c). Interestingly, MD simulations with NADP^+^ bound revealed persistent electrostatic and cation-π interactions between R222 and the adenine ring of NADP^+^ due to R222 intrinsic conformational flexibility ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,c). These observations suggest that the mutagenesis of R222 might be detrimental when cofactor specificity is switched from NAD^+^ to NADP^+^.

PseFDH Library Design and Construction {#sec2.2}
--------------------------------------

Previous studies have highlighted three key residues that should be mutated to change the cofactor specificity of PseFDH. The most important one is D221, as the oxygen atoms of the carboxylate side chain stabilize the NAD^+^ cofactor via hydrogen bonds. Either D221S^[@ref24]^ or D221Q^[@ref13]^ has been shown to improve NADP^+^ binding due to the removal of the repulsive electrostatic interactions with the phosphate group of the cofactor. Second, replacing alanine with glycine at position 198 provides more space for the bulkier cofactor NADP^+^. This replacement is based on the sequence of the NADP^+^-dependent FDH from *Burkholderia* spp. which, instead of the cofactor binding region [A]{.ul}XGXXGX~17~[D]{.ul} as in PseFDH, harbors the sequence [G]{.ul}XGXXGX~17~[Q]{.ul} (where the underlined glycine and glutamine residues correspond to positions 198 and 221, respectively).^[@ref24]^ Moreover, mutation A198G improves the binding of NADP^+^ when cofactor specificity has already changed: e.g., by the D221Q mutation.^[@ref12]^ The third residue is C255,^[@ref25]−[@ref27]^ which interacts with the adenine moiety of NAD^+^, and its mutation to valine was shown to improve the binding affinity toward NADP^+^.^[@ref12]^ Similarly, the NADP^+^-dependent FDH from *Burkholderia* spp. has an isoleucine at this site, highlighting the importance of changing C255 to an aliphatic amino acid.^[@ref12]^ However, while A198, D221, and C255 are central for improving the binding of NADP^+^, they alone are not sufficient for specificity reversal, as reflected by the poor kinetic parameters of the available variants ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

To identify further residues involved in cofactor specificity, we employed the program CSR-SALAD (Cofactor Specificity Reversal -- Structural Analysis and Library Design), which searches for protein structures or homology models containing NAD(H) or NADP(H) ligands.^[@ref28]^ As changing the cofactor specificity is usually accompanied by a decrease in the catalytic turnover owing to the existence of activity--selectivity tradeoffs,^[@ref29]^ CSR-SALAD further suggests which sites are important to recover catalytic efficiency (i.e., activity--recovery residues). The program suggested several PseFDH residues for mutagenesis, which are divided into two categories: specificity switching (D221, R222, and H223) and activity--recovery (H258, E260, T261, H379, and S380) ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). However, while CRS-SALAD proposed several specific amino acid substitutions to switch cofactor specificity, it did not predict the exact amino acid substitutions required to recover activity, recommending instead iterative site-saturation mutagenesis, in which each site is individually mutated to the 19 canonical amino acids.

The combination of available mutagenesis data (A198, D221, and C255) and the suggestions from the CSR-SALAD program (D221, R222, H223, H258, E260, T261, H379, and S380) yielded a total of 10 residues for mutagenesis. To reduce the library size, we started with variant A198G and avoided the mutagenesis of R222, as it seemed to be important for NADP^+^ binding (as shown by the MD simulations above). Therefore, we initially considered eight potential residues for mutagenesis (D221, H223, C255, H258, E260, T261 H379, and S380), the first three of which are directly involved in cofactor specificity and the rest could recover enzyme activity. We further decided to split the activity-recovering residues into two groups according to their distance proximity: group A (H379 and S380) and group B (H258, E260, T261). Since group A residues are closer to D221 and H223 and those of group B are further away ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)), we decided to prioritize group A for mutagenesis with the hope of enabling the emergence of cooperative effects.

We aimed to simultaneously reverse coenzyme specificity (D221, H223, and C255) and recover enzyme activity (H379 and S380) in a single round of mutagenesis using the PseFDH variant A198G as a template. Although all of these five residues could be simultaneously mutated to all 20 amino acids using NNK degeneracy, the library size would be too large (32^5^ = 3.3 × 10^7^), especially considering that a \>10-fold oversampling factor is needed for complete library coverage if the expected diversity is not perfect. To reduce the library size, three of these residues were randomized to all 20 amino acids (D221, H223, and H379), while, on the basis of alignments of multiple FDH sequences (using HotSpot Wizard 3.0^[@ref30]^), C255 was randomized to the 10 aliphatic amino acids and S380 to 6 small side-chain amino acids ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![PseFDH CAST library design. (top) Active site of PseFDH variant A198G (black) highlighting residues selected for mutagenesis for switching cofactor specificity (green and violet), while recovering activity (blue). Residue R222 (black) was not mutated despite being suggested for mutagenesis by CRS-SALAD, as explained above. The carbon (yellow), nitrogen (blue), and oxygen (red) atoms of the cofactor are shown in stick format. The picture was generated with PyMol using PDB file 2NAD.^[@ref21]^ (bottom) Amino acid (AA) alphabet, degenerate codon (N = A/T/G/C, K = T/G, D = A/G/T, B = C/G/T, W = A/T, R = A/G), and library size and coverage. The library size was calculated using the program CASTER 2.0.^[@ref31]^](cs0c01487_0003){#fig3}

This library contained 3.5 × 10^6^ unique variants (1 order of magnitude smaller than the previous library) with a 3-fold oversampling factor being needed to cover 95% of the library ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). The oversampling factor was calculated with the CASTER 2.0 program, on the basis of the combinatorial active site saturation test (CAST).^[@ref32]^ The CAST library was created using the assembly of designed oligos (ADO) method,^[@ref33]^ and its quality was checked using a quick quality control (QQC), which consists of sequencing the pooled plasmids in a single reaction. QQC is traditionally assessed via Sanger sequencing due to its practicality and economics.^[@ref34]−[@ref38]^ Using this strategy, we found that the theoretical and observed library diversities are comparable ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

*In Vivo* Selection of PseFDH Variants with Improved NADPH Production {#sec2.3}
---------------------------------------------------------------------

We have recently constructed an *E. coli* strain deleted in all enzymes that produce NADPH (Δ*zwf* Δ*maeB* Δ*pntAB* Δ*sthA* Δ*icd*), with the exception of 6-phosphogluconate dehydrogenase.^[@ref20]^ This strain is auxotrophic for NADPH and can grow on a minimal medium only when gluconate is added as a source of NADPH (doubling time of 2.1 h; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Without gluconate, this strain can be used as a biosensor for the ability of different enzymes to support the *in vivo* regeneration of this cofactor.^[@ref20]^ We showed that expression of an FDH variant from *Mycobacterium vaccae* N10 (C145S/A198G/D221Q/C255V, MvaFDH^4M^)---an engineered enzyme with one of the highest reported activities toward NADPH, *k*~cat~/K~M~ = 21 s^--1^ mM^--1^ ^[@ref12]^---can rescue the growth of this strain upon addition of 75 mM formate (red line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, doubling time of 4.1 h).^[@ref20]^ As the NAD-dependent malic enzyme, encoded by *maeA*, is also known to exhibit some NADP^+^ reduction activity,^[@ref39]^ we decided to delete it as well. Indeed, the resulting strain NADPH-Aux (Δ*zwf* Δ*maeB* Δ*pntAB* Δ*sthA* Δ*icd* Δ*maeA*) showed a substantially reduced growth rate upon overexpression of MvaFDH^4M^ (red dotted line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, doubling time \>17 h), confirming that maeA has likely contributed to NADPH regeneration in the previous strain. In contrast, expression of PseFDH WT did not complement growth unless gluconate was added (black vs orange lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).

![*In vivo* characterization of FDH variants. (a) Growth profiles of NADPH auxotroph strain with five gene deletions expressing MvaFDH^4M^ (red line) or PseFDH in the presence of formate (black line) or gluconate (yellow line) as a control. Additional deletion of *maeA* results in a more robust selection strain (NADPH-aux) that displays slower growth with MvaFDH^4M^ (red dotted line) in the presence of formate, no growth with PseFDH in the presence of formate (black dotted lines), and full growth with PseFDH in the presence of gluconate (yellow dotted lines). (b) Growth profiles of NADPH-aux when the seven PseFDH variants isolated from the selection are expressed. Strains were cultured in 20 mM glycerol, 3 mM keto-glutarate, and 75 mM formate. (c) Sequencing results of PseFDH variants with doubling time (DT) ± standard error from triplicates.](cs0c01487_0004){#fig4}

We then used the NADPH-Aux strain as a platform to select for variants of the PseFDH library that can efficiently regenerate NADPH under physiological conditions in the presence of formate. We transformed this strain with plasmids carrying the PseFDH variant library with a transformation efficiency of \>1 × 10^7^ colony-forming units (CFU)/μg. We streaked the transformed strains on a M9 agar plate containing 30 mM formate. After 5 days, we observed ∼100 colonies on the plate. We chose and cultivated the 21 largest colonies in liquid minimal medium containing 75 mM formate and found that all of them were able to grow under these conditions. We sequenced the 21 plasmids and identified seven unique sequences. The strains carrying these seven different plasmids displayed a doubling time of 4--7 h with formate as the NADPH source ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b): that is, a growth rate substantially higher than that supported by MvaFDH^4M^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).

We found that the seven unique PseFDH variants contain at least four mutations (besides A198G, which was introduced in the template for mutagenesis) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). D221Q and S380V were present in all variants, suggesting that these mutations are key for switching the enzyme specificity toward NADP^+^. PseFDH V9---which contained mutations D221Q, C255A, H379K and S380V---displayed the fastest growth, having a doubling time of 3.8 ± 0.1 h. PseFDH V1, V3, V13, and V14 differed from PseFDH V9 in only one residue: that is, H223T, H223N, C255T, and H379R, respectively. These variants exhibit doubling times of 4.7--5.3 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), suggesting that residues with similar side-chain properties (H, T, N, R) are rather equivalent.

Kinetic Characterization of Improved PseFDH Variants {#sec2.4}
----------------------------------------------------

In order to enable effective *in vivo* reduction of NADP^+^, we expected the PseFDH variants within the growing strains to exhibit three key characteristics simultaneously: (i) high efficiency of NADP^+^ reduction, (ii) high specificity toward NADP^+^, such that the enzyme would preferably accept this cofactor despite the higher cellular concentration of NAD^+^, and (iii) sufficiently high affinity toward formate, such that 30 mM would (almost) saturate the enzyme. To characterize the underlying changes in the individual PseFDH enzyme variants, we purified the corresponding proteins ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)) and characterized their kinetic parameters in detail.

Steady-state kinetics using constant concentrations of formate and either NAD^+^ or NADP^+^ ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf) and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)) demonstrated that all variants displayed higher apparent turnover rates (*k*~cat~) for NADP^+^ (3--6 s^--1^) than for NAD^+^ (1--3 s^--1^), although none reached a *k*~cat~ value as high as 7.5 s^--1^ as for PseFDH WT with NAD^+^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Moreover, all PseFDH variants exhibited high affinity toward NADP^+^, with apparent *K*~M~ values ranging from 26 to 130 μM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The variant PseFDH V9 displayed the highest efficiency with NADP^+^, having (*k*~cat~/*K*~M~)^NADP^ \> 140 s^--1^ mM^--1^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c)---almost 5-fold higher than the best NADP-dependent FDH variant previously described.^[@ref11]^ The high catalytic efficiency of this enzyme variant can be attributed to a very low *K*~M~ = 26 μM for NADP^+^, which is the highest affinity of an FDH toward this cofactor reported thus far ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

![Enzyme kinetics of FDH variants. Parameters reported for coenzyme turnover (a), affinity (b), catalytic efficiency (c), and specific ratio (d) under saturating amounts of formate as well as for formate turnover (e), affinity (f), catalytic efficiency (g), and specificity ratio (h) under saturating concentrations of coenzymes. The values represent average ± standard error from triplicates. Michaelis--Menten values and curves are found in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf) and [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf).](cs0c01487_0005){#fig5}

We further found that, in the presence of NADP^+^, all PseFDH variants displayed a higher *k*~cat~ and a lower apparent *K*~M~ for formate than observed with NAD^+^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f). This is in line with the hypothesis that the affinity for formate is dependent on the conformation and the stability of the cofactor--enzyme complex, which differ between NAD^+^ and NADP^+^.^[@ref24]^ For example, PseFDH V9 showed a (*k*~cat~/*K*~M~)^formate^ value of 0.16 s^--1^ mM^--1^ with NADP^+^, while it was only 0.009 s^--1^ mM^--1^ with NAD^+^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}g), resulting in a specificity ratio (*k*~cat~/*K*~M~)^NADP^/(*k*~cat~/*K*~M~)^NAD^ of ∼18 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}h).

Remarkably, the catalytic efficiency of PseFDH V9 with NADP^+^ was practically identical to that of PseFDH WT with NAD^+^ (142 s^--1^ mM^--1^), indicating a relative catalytic efficiency (RCE) of 1, which is 4-, 10-, 30-, and 1000-fold higher in comparison to engineered MvaFDH^4M^,^[@ref12]^ PseFDH,^[@ref9]^ CboFDH,^[@ref10]^ and CmeFDH,^[@ref8]^ respectively. Furthermore, all PseFDH variants displayed an increased coenzyme specificity ratio (CSR, defined as (*k*~cat~/*K*~M~)^NADP^/(*k*~cat~/K~*M*~)^NAD^) in comparison to previously described FDHs^[@ref15]^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). PseFDH V9 showed a CSR of \>510, which is 14-fold higher than that of the most specific NADP-dependent FDH variant reported before.^[@ref16]^

Nonadditive Epistatic Amino Acid Interactions in PseFDH V9 {#sec2.5}
----------------------------------------------------------

To gain insight into the contributions of the different mutations to the change in cofactor specificity and catalytic efficiency, we constructed several enzymes carrying subsets of the mutations found in PseFDH V9. We started with the parent template A198G, to which we added D221Q to generate the double variant A198G/D221Q (GQ). Next, we added S380V, generating the triple variant A198G/D221Q/S380V (GQV). Further incorporation of the mutation C255A or H379K resulted in variants A198G/D221Q/C255A (GQA), A198G/D221Q/H379K (GQK), A198G/D221Q/C255A/S380V (GQAV), and A198G/D221Q/H379K/S380V (GQKV). PseFDH V9 contains all five mutations (GQAKV). The "deconvoluted" variants were purified ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)) and characterized in detail ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

![Enzyme kinetics of FDH deconvolutants. Parameters for coenzyme turnover (a), affinity (b), catalytic efficiency (c), and specific ratio (d) under saturating amounts of formate as well as for formate turnover (e), affinity (f), catalytic efficiency (g), and specificity ratio (h) under saturating concentrations of coenzymes. The values represent average ± standard error from triplicates. Michaelis--Menten values and curves are found in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf) and [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf).](cs0c01487_0006){#fig6}

Steady-state kinetics of all variants revealed that H379K was essential for sustaining a high *k*~cat~ value with NADP^+^: i.e., *k*~cat~ \> 3.5 s^--1^ in the GQK and GQKV variants ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). On the other hand, a high affinity toward NADP^+^, i.e. *K*~M~ \< 60 μM, was dependent on S380V, as seen in the GQV, GQAV, and GQKV variants ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The combination of S380V and H379K in the GQKV variant resulted in high catalytic efficiency for NADP^+^ reduction, i.e., a (*k*~cat~/*K*~M~)^NADP^ value of 100 s^--1^ mM^--1^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). High specificity toward NADP^+^ could be obtained when S380V was coupled with either C255A (variant GQAV) or H379K (variant GQKV), leading to CSR values of 376 and 249, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d).

The H379K mutant also benefited the *k*~cat~ value with formate in the presence of NADP^+^ (*k*~cat~ \> 3.5 s^--1^; [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). In addition, variants carrying the S380V mutation (variants GQAV and GQKV) had a lower apparent *K*~M~ value for formate in the presence of NADP^+^ (*K*~M~ between 40 and 44 mM, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f). Together, these two mutations contributed to a higher efficiency with formate and NADP^+^, i.e. (*k*~cat~/*K*~M~) = 0.03--0.08 s^--1^ mM^--1^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}g), and a high specificity ratio of 7 toward formate ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}h). Interestingly, none of the deconvolutants were better than PseFDH V9 at any kinetic parameter, indicating that all mutations were needed to optimize the activity, potentially acting synergistically.

To explore nonadditive (i.e., epistatic) effects of the different mutations, that is, a combination of mutations that results in a value smaller or greater than expected by the contribution of each mutation separately, we used additivity equations.^[@ref40]^ The double variant GQ displayed a (*k*~cat~/*K*~m~)^NADP^ value of 45 s^--1^ mM^--1^, whereas the triple variants GQA, GQV, and GQK showed values of 17, 43, and 30 s^--1^ mM^--1^, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). This means that mutations C255A, S380V, and H379K changed the catalytic efficiency of the GQ variant by −28, −2, and −15 s^--1^ mM^--1^, respectively. If we assume additivity, the quadruple variants GQAV and GQVK should have had respective *k*~cat~/*K*~M~ values of 15 and 28 s^--1^ mM^--1^ (45 -- 28 -- 2 = 15 and 45 -- 2 -- 15 = 28). However, their experimental values are 37 and 100 s^--1^ mM^--1^, which are 2.5- and 3.6-fold higher than the expected values. Furthermore, addition of H379K (37 -- 15 = 22) or C255A (100 -- 28 = 72) into the quadruple variants resulted in PseFDH V9 (GCAQV) with a catalytic efficiency of 142 s^--1^ mM^--1^, which is 6.4- and 2-fold higher than the expected value without additivity. These results demonstrate that the interactions between the residues in PseFDH V9 are epistatic (nonadditive) and positive (synergistic).

In order to explore the stepwise evolution of the kinetic parameters in the parent variant A198G toward PseFDH V9 and understand simultaneous enhancement of multiple catalytic parameters, we constructed a multiparametric scheme ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). We focused on the mutational trajectory A198G → GQ → GQK → GQKV → GQAKV (the respective arrows are highlighted in red in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). While the parent A198G has no activity toward NADP^+^, variant GQ showed *k*~cat~/*K*~M~ = 45 s^--1^ mM^--1^ for NADP^+^ and *k*~cat~/*K*~M~ = 0.009 s^--1^ mM^--1^ for formate ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). Introducing the H379K mutation reduced the catalytic efficiency for NADP^+^ to 30 s^--1^ mM^--1^, while it increased the efficiency for formate to 0.034 s^--1^ mM^--1^. This suggests a tradeoff between the catalytic efficiencies with formate and the cofactor. Yet, further introduction of the S380V mutation improved the catalytic efficiency for both NADP^+^ (100 s^--1^ mM^--1^) and formate (0.083 s^--1^ mM^--1^). Finally, mutation C255A improved the catalytic efficiency with NADP^+^ (142 s^--1^ mM^--1^) without affecting the catalytic efficiency for formate (0.083 s^--1^ mM^--1^). Such simultaneous improvement of multiple catalytic parameters is a major challenge that is difficult to address in traditional protein engineering methods, emphasizing the power of *in vivo* selection to identify the few superior multimutation variants.

![Fitness landscapes in variants derived from PseFDH V9. (a) The introduction of the four additional mutations (D221Q, C255A, H379K, and S380V) into variant A198G yields 4! = 24 possible evolutionary pathways. Thick lines indicate the four possible pathways that can be explored by stepwise evolution with the available double and triple mutants. (b) Variants and the four possible pathways from double mutant A198G/D221Q (GQ) via triple variants A198G/D221Q/C255A (GQA), A198G/D221Q/S380V (GQV), and A198G/D221Q/H379K (GQK) and quadruple mutants A198G/D221Q/C255A/S380V (GQAV) and A198G/D221Q/H379K/S380V (GQKV) toward PseFDH V9 or quintuple mutant A198G/D221Q/C255A/H379K/S380V (GQAKV). (c) Catalytic efficiencies (mM^--1^ s^--1^) of the deconvoluted variants (shown in the left) toward either NAD^+^/formate (orange/yellow) or NADP^+^/formate (green/blue). The coenzyme specificity ratio (CSR) toward NADP^+^ ((*k*~cat~/*K*~M~)^NADP^+^^/(*k*~cat~/*K*~M~)^NAD^+^^) is shown in the middle (white). The red lines correspond to the pathway exemplified and described in the main text.](cs0c01487_0007){#fig7}

Molecular Basis of PseFDH V9 Specificity toward NADP^+^ {#sec2.6}
-------------------------------------------------------

To get a better understanding of the origin of the high affinity of PseFDH V9 toward NADP^+^, we performed MD simulations to analyze its conformational dynamics and interactions occurring with formate and NADP^+^, using PseFDH WT as a reference. In PseFDH V9, D221 is mutated to glutamine, eliminating the repulsive electrostatic interactions with the phosphate group of NADP^+^, as described earlier ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The hydrogen bonds between the amide group of the newly introduced glutamine and both the 2′-phosphate and the 3′-OH group of NADP^+^ are indeed frequently observed along the MD trajectories (5.2 ± 1.7 Å; [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). This allows the adenine ring of NADP^+^ to stay in an orientation similar to that observed in PseFDH WT with the natural NAD^+^ cofactor ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). As discussed above, R222 stabilizes the NADP^+^ cofactor through the formation of a salt bridge with the 2′-phosphate group. This stabilization is observed in both PseFDH WT and PseFDH V9 ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b and [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

![Conformational dynamics of PseFDH V9. A representative structure of the reshaped active site with NADP^+^ (cyan) and formate extracted from MD simulations (most populated cluster) is shown in the center with introduced mutations (Cα atoms depicted as spheres). (a) Representative structure of hydrogen bonds between D221Q and 2′-phosphate and the 3′-OH group of NADP^+^. The average distance between the amide group of D221Q and 3′-OH group of NADP^+^ (5.2 ± 1.7 Å) is depicted. (b) Representative structure of the salt-bridge interaction between the guanidinium group of R222 and the 2′-phosphate group of NADP^+^ (mean distance of 4.5 ± 0.9 Å) and the cation−π interaction between the guanidinium group of R222 and the adenine group of NADP^+^. (c) Representative structure of the salt-bridge interaction between the amino group of H379K and the 2′-phosphate group of NADP^+^ (4.8 ± 2.0 Å) and the salt-bridge interaction between the amino group of H379K and the linker 4′-phosphate group of NADP^+^ (6.9 ± 2.7 Å). (d) Representative structure of the CH−π interaction between the adenine ring of NADP^+^ and the β-carbon of the side chain of C255A. The average distance between the center of mass (COM) of the NADP^+^ adenine ring and the side chain of C255A (4.7 ± 0.7 Å) is depicted. (e) Representative structure of the interactions between the side chain of S380V and the side chain of P256 (with an average distance of 6.5 ± 1.1 Å) and the interactions between the side chain of S380V and the nicotinamide ribose group of NADP^+^ (8.3 ± 1.4 Å). All representative structures are extracted from the most populated clusters of three replicas of 500 ns of MD simulations for V9-NADP^+^. All distances are represented in Å.](cs0c01487_0008){#fig8}

In PseFDH V9, H379 is replaced by lysine, which according to our simulations establishes transient and frequent salt-bridge interactions with the 2′-phosphate group of NADP^+^ (4.8 ± 2.0 Å; [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c and [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). In contrast, the distance between H379 and the 2′-phosphate group in PseFDH WT is 9.2 ± 2.5 Å. In addition, the newly introduced lysine, H379K, establishes salt-bridge interactions with the linker 4′-phosphate group of the NADP^+^ cofactor (6.9 ± 2.7; [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c). This stabilization does not occur in PseFDH WT, as the distance between H379 and the linker 4′-phosphate group is rather long (11.0 ± 1.2 Å; [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

The C255A mutation, found in a loop surrounding the cofactor, partially explains PseFDH V9 improved binding of the adenine ring of NADP^+^. The substitution of the bulkier cysteine with an alanine provides extra space in this region, leaving room for the adenine ring to favor its cation−π interaction with R222. Moreover, a hydrophobic CH−π interaction between the C255A side chain and the adenine ring of the cofactor stabilizes NADP^+^ in the active site (with a mean distance of 4.7 ± 0.7 Å; [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d and [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). Finally, the S380V mutation introduces an aliphatic side chain that increases the hydrophobic character of this region of the binding pocket. The valine side chain establishes hydrophobic interactions with P256 that is located in the loop surrounding the cofactor next to C255A ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e). This interaction is responsible for wrapping NADP^+^ in the binding pocket, and it was not observed in PseFDH WT ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).

Overall, the mutations found in PseFDH V9 have reshaped the active site to stabilize NADP^+^ in a conformation similar to that observed in PseFDH WT with the natural NAD^+^ cofactor. The MD simulations show that, in comparison to the PseFDH WT with NAD^+^ bound, in PseFDH V9 the nicotinamide ring of the NADP^+^ cofactor exhibits slightly higher flexibility and explores different orientations in the active site. To evaluate the catalytic efficiency when the cofactor specificity is switched, we analyzed the near attack conformations (NACs) explored by formate with respect to the cofactor nicotinamide ring for productive hydride transfer along the MD trajectories ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).^[@ref41]^ As a reference, we used a DFT-optimized model for the ideal transition state (TS) geometry for the hydride transfer between formate and the nicotinamide ring (see computational details and [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). Formate bound to PseFDH WT with NAD^+^ and to PseFDH V9 with NADP^+^ can explore catalytically competent poses in the MD simulations (i.e., C4~NAD^+^/NADP^+^~--H1~HCOO^--^~ distances below 4 Å; and N1~NAD^+^/NADP^+^~--C4~NAD^+^/NADP^+^~--H1~HCOO^--^~ attack angles of ca. 100--130°; see [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). However, in comparison to PseFDH WT with NAD^+^, PseFDH V9 with NADP^+^ shows a wider dispersion in terms of the proper attack angle for hydride transfer, which can be related to the higher flexibility of the nicotinamide ring. This explains the slightly lower *k*~cat~ value of PseFDH V9 with NADP^+^ with respect to that for PseFDH WT with NAD^+^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and the significant increase in apparent *K*~M~ values toward formate in PseFDH V9 in comparison to PseFDH WT ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f), despite the fact that the relative catalytic efficiency (RCE) of 1 is unique among all engineered FDHs ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)).^[@ref42]^

Discussion {#sec3}
==========

Cofactor switching is very important for protein and metabolic engineering efforts as a tool to balance pathway activity and to recycle cofactors for maximizing product yield.^[@ref28]^ A comprehensive review identified 103 enzymes engineered toward accepting a different cofactor, 52 of which (50%) had switched specificity from NAD^+^ to NADP^+^; however, the catalytic efficiency of the engineered enzymes was reduced in 70% of the cases (RCE value \<1).^[@ref42]^ The simultaneous optimization of multiple parameters is an especially difficult task due to tradeoffs, where improvement in one parameter usually worsens another.^[@ref29],[@ref43],[@ref44]^

In most previous studies, small libraries were constructed on the basis of rational design and site-directed mutagenesis because the screening step limits the amount of enzyme variants that can be tested (e.g., low-throughput GC or HPLC). This is a general barrier for engineering selective enzymes.^[@ref45]^ In contrast, with the use of *in vivo* screening based on the NADPH auxotroph *E. coli* strain, we tested a much larger library in a single experiment. This was made possible, as the survival and growth of the bacterium depends on NADPH regeneration via the engineered FDH variants.^[@ref20]^

FDHs from *Mycobacterium*,^[@ref12]^*Saccharomyces*,^[@ref9]^ and *Candida*([@ref8],[@ref46]) have been previously engineered to produce NADPH. Of these, MvaFDH^4M^ displayed one of the highest catalytic efficiencies ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)) and has been used to regenerate NADPH in cellular and cell-free systems.^[@ref47],[@ref48]^ On the other hand, most mutagenesis data are available for PseFDH,^[@ref5]^ including residues involved in cofactor specificity (A198G, D221Q, R222, H223, and C255). We identified the previously underexplored residues H379 and S380 as important targets to improve catalytic efficiency with NADP^+^. Interestingly, position 379 in PseFDH is equivalent to position 356 in FDH from *Candida boidinii* and position 380 in FDH from *Granulicella mallensis*, both of which are NADP^+^-dependent and have a lysine residue in this position,^[@ref49],[@ref50]^ similar to the H379K mutation identified in our study. Overall, it seems that the catalytic efficiency and coenzyme specificity are largely dictated by the charge and polarity of key active site residues.^[@ref51]^

Only a few studies used MD simulations to understand the interactions occurring between NAD(P)^+^ and FDHs variants.^[@ref52]^ In our work, MD simulations highlighted the important role of the mutations in PseFDH V9 that act together to reshape and modulate the polarity of the binding pocket of the enzyme, allowing the formation of new polar interactions with NADP^+^. In particular, H379K and R222 were found to be instrumental for stabilizing the additional negatively charged 2′-phosphate group of NADP^+^, whereas D221Q reduced the electrostatic repulsion generated by the original aspartate residue of the WT enzyme. C255A and S380V decreased the polarity of the active site while simultaneously reshaping the binding pocket.

Instead of constructing site-saturation mutagenesis (SSM) libraries to recover activity as suggested by the CRS-SALAD program,^[@ref28]^ we used combinatorial saturation mutagenesis based on CAST. The advantage of this method is that the simultaneous mutagenesis of (usually close) amino acids can result in strong synergistic (nonadditive) effects that cannot be easily predicted.^[@ref53]^ Indeed, we found strong nonadditive effects in the variant GQVK, where a combination of two mutations, which should have lowered a kinetic parameter, actually improved it. This complex type of epistasis would be difficult to identify using SSM libraries. Since H379K in PseFDH V9 stabilizes the 2′-phosphate group of the NADP^+^ cofactor, the possible mechanism involved in this case is *direct interactions between epistatic mutations, one mutation of which directly interacts with the substrate*.^[@ref54]^ Understanding such an epistatic mechanism is important not only for fundamental science but also for practical applications. For example, the use of epistatic data to train machine-learning algorithms has become a powerful tool to engineer more proficient proteins.^[@ref55],[@ref56]^

The NADP-dependent FDH variants engineered in this study have various possible uses. In cell-free production systems, our FDH variants can serve to regenerate NADPH more efficiently in comparison to the currently used FDHs. The amount of protein needed to support the required regeneration rate could be reduced by at least 5-fold with our evolved FDH variants, thus saving enzyme synthesis costs. For *in vivo* NADPH regeneration, the effect of our FDHs might be even higher. Currently, such regeneration is limited by the high concentration of the competing NAD^+^ substrate. As our best FDH variants show specificity toward NADP^+^ higher than 500--more than an order of magnitude higher than all previously explored enzymes---they can reduce NADP^+^ with little competition from NAD^+^. The high affinity of our enzymes toward formate further makes them especially useful to support *in vivo* NADPH regeneration, as formate can be added to a microbial culture only at relatively low concentrations due to its toxicity.

With respect to the cofactor substrate (NAD(P)^+^), the best NADP-dependent FDH variant achieved in this study retained the high efficiency of the WT PseFDH ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). However, the catalytic efficiency with formate as a substrate dropped by ∼4-fold ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}g). To further improve the catalytic properties toward formate, a second round of evolution could be performed, where residues involved in formate binding and turnover will be mutated and the growth of the NADPH-Aux strain, transformed with the new library of mutants, will be selected for using low formate concentrations. For example, Jiang et al. recently improved the *k*~cat~ and *K*~M~ values of (NADP^+^-specific) BstFDH toward formate by focusing on binding residues that are conserved across FDHs, including I124 and G146 (I122 and N146 in PseFDH).^[@ref57]^

The NADP-dependent FDHs can be especially useful for the ongoing efforts to engineer model microorganisms, such as *E. coli*, to grow on formate as a sole carbon source.^[@ref58]^ Many of the suggested pathways to support formatotrophic growth rely on NADPH as an electron donor. For example, the synthetic reductive glycine pathway^[@ref59]^ is dependent on the NADPH-consuming 5,10-methylenetetrahydrofolate dehydrogenase. Growth on formate via the pathway thus requires a high rate of NADPH regeneration. Using an NAD^+^-dependent FDH to provide reducing power requires high flux via the membrane-associated transhydrogenase to regenerate NAPDH,^[@ref60],[@ref61]^ at the cost of dissipating the proton motive force and reducing biomass yield. Expressing a NADP^+^-dependent FDH would enable direct production of NADPH (which can regenerate NADH via the soluble transhydrogenase^[@ref60]^), thus saving energy and increasing biomass yield.

In summary, by constructing an *E. coli* strain auxotrophic to NADPH, we were able to switch, in a single round of mutagenesis, the cofactor specificity of PseFDH, achieving the best kinetic parameters ever reported for FDH with NADP^+^. Using MD simulations, we were able to uncover the molecular basis of the increased activity and selectivity. We further determined the existence of strong nonadditive epistatic effects, which are difficult to predict via rational design or iterative SSM but are essential to overcome activity and selectivity tradeoffs. The approach we used in this study---especially harnessing the power of natural selection using the NADPH auxotroph strain---can be applied for the engineering and evolution of cofactor specificity of other oxidoreductases, thus expanding the enzymatic toolbox available for biocatalysis.

Experimental Section {#sec4}
====================

Materials and Media {#sec4.1}
-------------------

PCR reactions were done using Phusion High-Fidelity polymerase (Thermo Fisher Scientific GmbH, Dreieich, Germany), according to the manufacturer's instructions. DNA digestions were carried out with FastDigest enzymes from Thermo Fisher Scientific or restriction enzymes from NEB (New England Biolabs, Frankfurt am Main, Germany). All primers were synthesized by Eurofins Genomics GmbH (Ebersberg, Germany), and Sanger sequencing was outsourced to LGC Genomics GmbH (Berlin, Germany). All media and media supplements were ordered from Sigma-Aldrich Chemie GmbH (Munich, Germany) or from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). The cofactors NAD^+^(Na)~2~ and NADP^+^(Na)~4~ were purchased from Carl Roth GmbH, while chicken egg lysozyme was obtained from Sigma-Aldrich AG and DNase I from Roche Diagnostics. LB medium was used for growth during cloning together with the appropriate antibiotics: streptomycin (100 μg/mL) and chloramphenicol (30 μg/mL). For selection experiments and growth rate experiments, M9 minimal medium was used (47.8 mM Na~2~HPO~4~, 22 mM KH~2~PO~4~, 8.6 mM NaCl, 18.7 mM NH~4~Cl, 2 mM MgSO~4~, 100 μM CaCl~2~, 134 μM EDTA, 31 μM FeCl~3~·6H~2~O, 6.2 μM ZnCl~2~, 0.76 μM CuCl~2~·2H~2~O, 0.42 μM CoCl~2~·2H~2~O, 1.62 μM H~3~BO~3~, and 0.081 μM MnCl~2~·4H~2~O).

Strain Construction {#sec4.2}
-------------------

The *maeA* gene was deleted by recombination of λ-Red in the NADPH auxotroph strain following the procedure described in the previous work.^[@ref20]^ For gene deletion, fresh cells were prepared with fresh LB during the morning and recombinase genes were induced by the addition of 15 mM [l]{.smallcaps}-arabinose at OD = 0.4--0.5. After incubation of 45 min at 37 °C, cells were harvested and washed three times with ice-cold 10% glycerol (11300*g*, 30 s, and 4 °C). Approximately 300 ng of Km cassette PCR-product was transformed via electroporation (1 mm cuvette, 1.8 kV, 25 μF, 200 Ω). After selection on Km plates, gene deletions were confirmed via PCR using appropriate oligos. To remove the Km cassette, 50 mM [l]{.smallcaps}-rhamnose, which induces flippase gene expression, was added to an exponentially growing 2 mL LB culture at OD 0.5 for ≥3 h at 30 °C. Colonies were screened for Km sensitivity, and antibiotic resistance cassette removal was confirmed by PCR.

Plasmid, Variants, and Library Construction {#sec4.3}
-------------------------------------------

FDH from *Pseudomonas* sp. 101 (PseFDH) and a variant version from *Mycobacterium vaccae* N10 (MycFDH_4M)^[@ref12]^ were codon optimized and synthesized with N-terminal 6x His-Tag to ease purification upon expression in *E. coli* (this codon-optimized enzyme variant, carrying the His-Tag, was shown to be highly active in a previous study^[@ref61]^). Gene synthesis was performed by Baseclear (Leiden, The Netherlands). PseFDH was cloned in the expression vector pZ-ASL (p15A origin, streptomycin resistance, strong promoter).^[@ref62]^ For library construction, plasmid pZ-ASL-PseFDH was digested with *BsmBI* and *NheI* restriction enzymes to open the backbone by cleaving a fragment of 685 bps within the ORF of FDH. The sequence of the resulting fragment was used as a template for building a synthetic gene fragment. The gene fragment was submitted to the online software DNA Works^[@ref55]^ to define the optimal overlapping oligos. A total of 36 oligos were ordered with appropriate degenerate codons at the target amino acids ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)). As indicated elsewhere^[@ref33]^ and in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf), the oligos were mixed in equimolar amounts and a first step of polymerase cycling was performed. In the second PCR step, oligos 1 and 36 were added to the sample to amplify the library, which was submitted to Sanger sequencing using oligos 16 and 36 to assess its quality. The fragment and plasmid were digested with restriction enzymes *BsmBI* and *NheI*. The plasmid (\<20 ng) was also treated with 1 μL of *DpnI* to eliminate the parent template. Prior to strain transformation, the library was subjected to quick quality control (QQC), in which the pooled plasmids are sequenced in a single reaction. In QQC, the expected and observed variabilities should be similar according to the degenerate codon used. The base distribution was calculated with an automated server: <https://pi.matteoferla.com/main/QQC>.^[@ref63]^ For creation of the PseFDH deconvolutants, target mutations were introduced by PCR on the basis of a QuikChange method using partially overlapping mutagenic primers^[@ref64]^ ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf)) and were confirmed by Sanger sequencing.

Growth and Selection Experiments {#sec4.4}
--------------------------------

Overnight cultures of selected strains were prepared by inoculating these into 4 mL of M9 medium containing 11 mM gluconate and 3 mM 2-ketoglutarate, followed by incubation at 37 °C. Prior to inoculation, cultures were harvested by centrifugation (3960*g*, 3 min, RT) and washed three times in M9 medium to clean cells from residual carbon sources. Cells were cultivated in M9 medium at 37 °C with a combination of the following carbon sources: 10 mM glucose, 18 mM glycerol, 5 mM 2-ketoglutarate, and 50 or 75 mM formate.

For library screening, the NADPH auxotroph strain was transformed with the library by electroporation and plated on M9 minimal medium plates supplemented with 30 mM formate, 18 mM glycerol, 5 mM 2-ketoglutarate, and streptomycin followed by incubation at 37 °C for selecting variants that can complement growth. The colonies that appeared after several days were transferred to liquid media with 30 mM formate, 18 mM glycerol, and 5 mM α-ketoglutarate, and the growth was monitored for 7 days. The plasmids of the selected strains dubbed as "winners" were extracted and sequenced.

Growth experiments of selected strains carrying FDH variants were performed by inoculating M9 medium with the respective strain at a starting OD~600~ of 0.01 in 96-well microtiter plates (Nunclon Delta Surface, Thermo Scientific) and carried out at 37 °C. Each well contained 150 μL of the culture covered with 50 μL of mineral oil (Sigma-Aldrich) to avoid evaporation. A plate reader (Infinite M200 pro, Tecan) was used for incubation, shaking, and OD~600~ measurements (controlled by Tecan I-control v1.11.1.0). The cultivation program contained three cycles of four shaking phases, 1 min of each: linear shaking, orbital shaking at an amplitude of 3 mm, linear shaking, and orbital shaking at an amplitude of 2 mm. After each round of shaking (∼12.5 min), the absorbance (OD~600~ in nm) was measured in each well. Raw data from the plate reader were calibrated to cuvette values according to OD~cuvette~ = OD~plate~/0.23. Growth curves were plotted in MATLAB (R2017B) and represent averages of triplicate measurements; in all cases, the variability among triplicate measurements was less than 5%.

Protein Expression and Purification {#sec4.5}
-----------------------------------

The His-tagged protein was expressed in *E. coli* BL21 DE3. Cells in terrific broth containing 20 μg/mL of streptomycin were grown at 30 °C for 16 h. Cells were harvested for 15 min at 6000*g* at 4 °C then resuspended in 2 mL of buffer A (20 mM Tris, 500 mM NaCl, 5 mM Imidazole, pH 7.9) per gram of pellet. The suspension was treated with 10 mg/mL of DNase I, 5 mM MgCl~2~, and 6 μg/mL of lysozyme on ice for 20 min, upon which cells were lysed by sonication. The lysate was clarified at 45000*g* at 4 °C for 45 min, and the supernatant was filtered through a 0.4 μm syringe tip filter (Sarstedt, Nümbrecht, Germany). Lysate was loaded onto a pre-equilibrated 1 mL HisTrap FF column and washed with 12% buffer B (20 mM Tris, 500 mM NaCl, 500 mM imidazole, pH 7.9) for 20--30 column volumes until the UV 280 nm band reached the baseline level. The protein was eluted by applying 100% buffer B, collected, and then pooled and desalted into 100 mM Na~2~HPO~4~ (pH 7.0). The protein was frozen in N~2~(l) and stored at −80 °C if not immediately used for assays.

Steady-State Kinetics Analysis {#sec4.6}
------------------------------

Assays were performed on a Cary-60 UV/vis spectrophotometer (Agilent) at 30 °C using quartz cuvettes (10 mm path length; Hellma). Reactions were performed in 100 mM Na~2~HPO~4~ (pH 7.0). Kinetic parameters for one substrate were determined by varying its concentration, while the others were kept constant at 6--10 times their *K*~M~ value. The reaction procedure was monitored by following the reduction of NADP^+^ at 340 nm (ε~NADPH,340 nm~ = 6.22 mM^--1^ cm^--1^). Each concentration was measured in triplicate, and the obtained curves were fit using GraphPad Prism 8. Hyperbolic curves were fit to the Michaelis--Menten equation to obtain apparent *k*~cat~ and *K*~M~ values.

Molecular Dynamics Simulations {#sec4.7}
------------------------------

### Protein Preparation {#sec4.7.1}

Molecular dynamics simulations (MD) were used to elucidate the molecular basis of cofactor specificity in PseFDH. MD simulations were carried out for the wild-type enzyme (WT-apo, WT-NAD^+^, and WT-NADP^+^), for the A198G variant (A198G-apo, A198G-NAD^+^, and A198G-NADP^+^) and V9 variant (V9-apo, V9-NAD^+^, and V9-NADP^+^). We selected the apo state X-ray crystal structure (Protein Data Bank (PDB) accession number 2GO1) and the holo state X-ray crystal structure (PDB accession number 2GUG crystallized in the presence of formate in the active site) as a starting point to run our MD simulations. In these X-ray structures, the important loop found in a region near cofactor binding (residues 375--400) was unsolved. For this reason, we reconstructed this loop on the basis of FDH X-ray structure PDB 2NAD using Phyre2 (<http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index>) and Robetta (<http://robetta.bakerlab.org/>) Web servers. Finally, NAD^+^ and NADP^+^ cofactors were placed in the active site of the holo PDB 2GUG by structural alignment with PDB 2NAD (which contains the NAD^+^ cofactor). See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf) (protocols and computational model sections) for further descriptions of the models constructed and used in this work. Amino acid protonation states were predicted using the H++ server (<http://biophysics.cs.vt.edu/H++>). For simulation of the A198G and V9 variants, we used the mutagenesis tool from PyMOL software using the WT crystal structures (PDB 2GO1 and 2GUG) as starting points. From these coordinates, we started the MD simulations.

### Substrate Parametrization {#sec4.7.2}

The parameters for formate for the MD simulations were generated within the ANTECHAMBER module of AMBER 16^[@ref65]^ using the general AMBER force field (GAFF),^[@ref66]^ with partial charges set to fit the electrostatic potential generated at the HF/6-31G(d) level by the RESP model.^[@ref67]^ The charges were calculated according to the Merz--Singh--Kollman scheme^[@ref68]^ using Gaussian 09.^[@ref69]^ The parameters for the cofactors NAD^+^ and NADP^+^ for the MD simulations were obtained from the Manchester parameter database (<http://research.bmh.manchester.ac.uk/bryce/amber/>).

### Protocol for MD Simulations {#sec4.7.3}

To perform the MD simulations, each system was immersed in a pre-equilibrated truncated octahedral box of water molecules with an internal offset distance of 10 Å, using the LEAP module of the AMBER MD package. All systems were neutralized with explicit counterions (Na^+^ or Cl^--^). All subsequent calculations were performed using the AMBER force field 14 Stony Brook (ff14SB).^[@ref76]^ A two-stage geometry optimization approach was performed. First, a short minimization of the positions of water molecules with positional restraints on the solute by a harmonic potential with a force constant of 500 kcal mol^--1^ Å^--2^ was done. The second stage was an unrestrained minimization of all of the atoms in the simulation cell. Then, the systems were gently heated in six 50 ps steps, increasing the temperature by 50 K each step (0--300 K) under constant-volume, periodic-boundary conditions and the particle-mesh Ewald approach^[@ref70]^ to introduce long-range electrostatic effects. For these steps, a 10 Å cutoff was applied to Lennard--Jones and electrostatic interactions. Bonds involving hydrogen were constrained with the SHAKE algorithm.^[@ref71]^ Harmonic restraints of 10 kcal mol^--1^ were applied to the solute, and the Langevin equilibration scheme was used to control and equalize the temperature.^[@ref72]^ The time step was kept at 2 fs during the heating stages, allowing potential inhomogeneities to self-adjust. Each system was then equilibrated for 2 ns with a 2 fs time step at a constant pressure of 1 atm. Finally, conventional MD trajectories at constant volume and temperature (300 K) were collected. In total, three replicas of 500 ns MD simulations for each system (WT-apo, WT-NAD^+^, WT-NADP^+^, A198G-apo, A198G-NAD^+^, A198G-NADP^+^, V9-apo, V9-NAD^+^, and V9-NADP^+^) in the apo and holo states (with each cofactor and the formate substrate bound) were carried out, collecting a total of 13.5 μs of MD simulations performed at the Galatea cluster (composed of 178 GTX1080 GPUs).

### Quantum Mechanics (QM) Calculation Details {#sec4.7.4}

DFT calculations were carried out using Gaussian09.^[@ref69]^ A truncated computational model was used to model the transition state (TS) structure for the cofactor reduction reaction (H atom transfer). The truncated model consists of a nicotinamide ring and a formate molecule. Geometry optimizations and frequency calculations were performed using the (U)B3LYP functional^[@ref73]−[@ref75]^ with the 6-31+G\* basis set. The transition state had one negative force constant corresponding to the desired transformation.

This material is available free of charge on the ACS Publications and it contains: The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscatal.0c01487](https://pubs.acs.org/doi/10.1021/acscatal.0c01487?goto=supporting-info).Protein library design, quality control, and protocols, structural information on PseFDH as well as descriptions of computational models and data of MD simulations of WT and V9 enzymes, and SDS-PAGE analysis of purified proteins as well as enzyme kinetic data and Michaelis--Menten curves of evolved and deconvoluted enzymes ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01487/suppl_file/cs0c01487_si_001.pdf))
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